Abstract -An electromagnetic (EM) energy harvesting application based on metamaterial absorber (MA) is introduced and discussed in this paper. This application is operating at ISM band (2.40 GHz) which is especially chosen due to its wide usage area. Square ring resonator (SRR) which has two gaps and resistors across the gaps on it is used. Chips resistors are used to deliver power to any active component. Transmission and reflection characteristics of metamaterial absorber (MA) for energy harvesting application are investigated. 83.6% efficient for energy harvesting application is realized in this study.
Introduction
Metamaterials (MTMs), due to their exotic application areas attract attention in recent years. These applications can be categorized as follows. Cloaking [1] , antennas [2] , sensors [3] [4] , absorbers [5, 6] , etc. [7] [8] .Nowadays, new applications by using split ring resonators (SRRs) in MTMs came out [9] [10] . When electromagnetic waves excite SRRs, generated electromagnetic energy is absorbed by resonators. This energy can be used as a voltage source, In order to harvest the energy, a gap is positioned on SRR coherent with the electric field direction and lumped element is placed on a gap to harvest this energy. Lumped element can optionally be a varicap or resistor. This mechanism is a basis for energy harvesting applications. If a lumped element is placed across the gap such a varicap, tunable harvesting applications can be possible. In this study,the lumped elements are choosen as resistors which are the recipient of the harvested energy. Resistance value is determined according to the numerical results. EM Energy harvesting concept is new technology for MTM science, but it has big importance due to limited energy resources and big field of applications. Power harvesting devices are generally used to convert one type of energy as acoustic or optical to another type of energy which is generally DC [11] [12] . Though EM MTMs provide flexible design options and they can be adapted to various energy harvesting studies, there is few electromagnetic energy harvesting studies with MTMs in current literature [13] [14] [15] . At first, 611mV voltage is harvested at 5.8GHz by using electromagnetic MTMs [13] . Energy conversion by using 3-D metamaterial arrays are presented in [14] , at [15] , 36.8% power efficiency is experimentally obtained at 900MHz.This study has different sides and advantages from the others as explained below. First advantage of this study is having simple geometry. Simple geometry means simple production, anyone who wants to produce this MTM energy harvester can produce easily. Other advantage is that; this study based on metamaterial absorber (MA) together with tunability option. It is possible to get more than 83.6% efficient MTM energy harvester with this option. Other advantage of this study is the realization for ISM band. Lots of appliances are operated at this band so it can be possible to harvest energy without making extra transmitters. The organization of this study is as follows. In Section 2, the structure geometry based on SRR is proposed, and the numerical method is presented. In Section 3, numerical results are presented. Finally, summary and conclusions are provided and discussed in Section 4.
Design and Numerical
In this study, a SRR as an example of resonant MTM particle is used as a MA based energy harvester. Square ring resonators (SRR) used in this design have two 7.2mm gaps. Resistors are placed as lumped network elements across the gaps on SRR. Resistance value is chosen as 2000Ω which will be explained later. FR4 material is chosen as a substrate to support resonator and reduce resonance frequency as well as frequency selective surfaces. FR4 substrate has a thickness of 1.6mm with loss tangent and relative permittivity of FR4 0.02 and 4.2, correspondingly. Copper is used as metallic element with a thickness of 0.035mm and it has a conductivity of 5. The frequency response of absorber can be calculated by
where A(ω), (ω) and (ω)define the absorption, reflectance, and transmittance, respectively. When reflection R(ω) = |S 11 | 2 and transmission T(ω) = |S 21 | 2 falls to minimum values, absorption rises to maximum at the resonance frequency. There will be no transmission to be examined since a metal plate is assigned behind air type dielectric.
The perfect absorption happens when the reflection is close to zero. When perfect absorption is observed power harvested from resistors rises which is crucially important for energy harvesting studies. It is possible to reduce reflection to near-zero by choosing the relative effective permittivity ( )and permeability ( )values closer to provide impedance matching with air. It is possible to absorb both the incident electric and magnetic field by properly tuning ( ) and ( )of the effective medium of absorber.
There are some studies in literature to explain absorption mechanism of the structures [15] [16] [17] [18] .
Results and Discussion
In order to show the performance of the proposed MA based energy harvester, numerical study is realized and assessed. Numerical values of reflection and absorption are given in Fig. 2 . It is seen from Fig.2 that the absorption and reflection values are 99.99% and0.02%, respectively when2000Ω resistors are placed in gaps. According to these values suggested MA structure shows perfect absorption features at 2.40GHz.
Fig. 2. Absorption and reflection value.
One of the most important feature of power harvesters is RF to DC power conversion. Power conversion can be calculated as [13] ;
isdefined as 1 by simulation program manufacturer. values are extracted from voltage and current values of resistors used in this study.Resistors are placed across the gaps of SRR to obtain and easily convert voltage value using conventional methods.The resistance value has a critical importance and a great effect on the total energy conversion efficiency of the structure. In order to show the harvested power performance for MA based harvesting application, the effects of resistance value on power harvesting efficiency is investigated for comparison. This comparison enables a deeper understanding for operating mechanism of the suggested structure. The efficiency is examined for ten different resistance values between 500 Ω 5.000Ω Numerical results are given in Fig. 3 .
Fig. 3. RF to DC efficiency of SRR according to load resistance
As shown in Fig. 3, changing the resistance values between 500 Ω 2.000Ω results in significant change in power harvesting efficiency between 58% 83.6%. When 2 Ω resistance is used, 0.418 power is obtained from a single resistor which means 0.836 W power collection by using two resistors. For this reason overall efficiency of MA energy harvester becomes around 83.6 % according to the equation of . This is the highest energy harvesting value in the literature. Beside this, the efficiency of the proposed structure linearly changes depending on the load resistance 2 Ω − 5 Ω. Hence the system can also be adopted to many sensor applications of which resistance changes linearly with respect to the intended measurement parameters. Metal plate which is behind the air gap is acting important role in MA based harvesting studies. EM energy is confined between metal plate and resonator which increases the power across the resistors. A numerical application is realized and investigated for the proposed MA based energy harvesters. Two different configurations (with-metal plate and without-metal plate) are created and investigated for resistance value of2 Ω. First investigation for this numerical setup is related with absorption rates. As it seen from Fig.4 , when metal plate is present behind the air gap, absorption value becomes 99.99% at 2.40 . In contrast to the first model, when metal plate is not used, absorption value drops dramatically to 44 %at2. 46 . Second investigation is related with power and resonance frequency according to the existence of metal plate. For the first case as it seen from Fig. 5 that power value which is harvested from a single resistor is 0.418 W at 2.40 GHz. However it is 0.11W at 2.46 GHz for the without-metal plate model. Metal plate affects the resonance frequency and absorption level directly because it creates EM effects. It can be seen that the position of the resonance is shifted from 2.40 to 2.46 GHz when metal plate is removed. This means that each case has a different characteristic, capacitive effect and power level. Also, the metal plate keeps the EM transmission value near zero. It is concluded from this numerical analysis that adding metal plate in MTM energy harvesting studies increases the power harvesting efficiency in high amounts. As shown in the table 1, when this work is compared with other studies in current literature, efficiency reaches maximum value in this study. Hence, MTM based harvester is a novel and challenging study in literature with its better results and primness. Physical mechanism and operation principle can be understood easily according to electric field distributions of front and side metallic parts of the absorber. Electric field distributions are given at the resonance frequency of 2.40 GHz. It can be seen from Fig.6 . that the electric field is concentrated on SRR and it is confined due to metal plate. By adding a resistor to the resonator, the structure can be modeled as a voltage source. In order to realize this, structure is modeled as perfect absorber which provides maximum EM energy harvesting at the resonance frequency.
Fig. 6.
Electric field distribution at resonance frequency.
Conclusion
In this study, an energy harvesting application operating at ISM band is proposed and discussed. Electromagnetic characteristics of the proposed design and usage areas in EM energy harvesting applications are discussed. Efficient pPower harvesting with 83.6% efficient at 2.40 GHz is demonstrated numerically. Numerical results prove that this study can be used in energy harvesting application efficiently. As a result, proposed structure can be used as MA based energy harvester with high efficiency in ISM band.
